Introduction This study evaluates the modeling of gastric electrophysiology tracings during long-term gastric electrical stimulation for gastroparesis. We hypothesized that serosal electrogastrogram may change over time representing gastric remodeling from gastric stimulation. Patients Sixty-five patients with gastroparesis underwent placement of gastric stimulator for refractory symptoms. Mean age at initial stimulator placement was 44 years (range, 8-76), current mean age was 49, and the majority of the subjects were female (n051, 78 %). Only a minority had diabetes-induced gastroparesis (n016, 25 %); the remainder were either idiopathic or postsurgical. Methods At the time of stimulator placement, electrogastrogram was performed after the gastric leads were placed but before stimulation was begun. Patients underwent continuous stimulation until pacer batteries depleted. At the time of replacement, before the new pacemaker was attached, electrogastrogram was again performed.
Introduction
Gastric electrical stimulation (GES) has been shown to effectively reduce symptoms of nausea and vomiting in patients with drug refractory gastroparesis, a gastric motility disorder characterized by the symptoms of the above, as well as early satiety, bloating, anorexia, and abdominal pain. [1] [2] [3] [4] [5] [6] [7] [8] [9] In patients with this disorder, GES therapy with the Enterra system has been shown to: (1) reduce vomiting, (2) improve nausea better than placebo, (3) reduce total symptom severity scores from severe to mild-moderate ranges, (4) increase quality of life, (5) increase weight, (6) decrease use of medications, (7) decrease the use of J-tubes, and (8) decrease medical billing costs compared to medical therapy alone. 6, [10] [11] [12] [13] [14] [15] [16] Several novel GES methods to improve gastric motility have been introduced over the last 20 years, such as multichannel GES, dual-pulse GES, and synchronized GES. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] The term "gastric neuromodulation" has been used as a term to describe the antiemetic effect of GES therapy, as the symptom improvement is believed to be mediated through neurons and neuronal connectivity. A number of GES studies have demonstrated that gastric slowwave pacing has entrained these slow waves with the pulse rates of the GES device. 17, 18, 20, [27] [28] [29] Not much is known about the long-term changes of gastric neurophysiology after chronic GES therapy. It has been shown that GES therapy is not effective in improvement of gastric dysrhythmia. 30, 31 What chronic GES therapy is effective at improving or changing in terms of baseline neurophysiology, in particular baseline frequency and amplitude of gastric slow waves, has not been documented. This study hypothesized that the serosal electrogastrogram (EGG) recordings may instead change over time, which may represent gastric remodeling due to GES.
Material and Methods
Data were retrospectively collected on all patients who had a permanent gastric pacemaker in which serosal EGG data of the initial GES device implantation could be found. Mean age at initial GES placement was 44 years (range 8-76); current mean age was 49; the majority of the subjects were female (n051, 78 %). Only a minority had diabetes-induced gastroparesis (n016, 25 %); the remainder were either idiopathic (n048, 74 %) or postsurgical (n01, 1 %).
Permanent Placement
Sixty-five patients with gastroparesis underwent placement of gastric stimulator for refractory symptoms. GES electrodes were inserted via laparotomy and fixed to the gastric serosa. All patients were treated with the identical Enterra system, which is the only device approved in the USA (or anywhere) for the treatment of gastroparesis. This utilizes high-frequency, low-energy stimulation, and all patients initially received identical settings. Serosal EGG was performed after the gastric leads were placed but before stimulation was begun. Patients underwent continuous stimulation until pacer batteries depleted, for a mean of 3.9 years (46 months); the stimulator was then replaced. At the time of stimulator replacement, after the stimulator was removed, but before the new pacemaker was attached, serosal EGG was again performed using the gastric leads. Gastric emptying tests were not part of this analysis. However, a published meta-analysis has shown that there may be improvement in gastric emptying with GES as delivered here. 32 Data Collection and Analysis EGG tracings from the serosal recordings of the initial GES placement of each patient were obtained. It was imperative that the recordings were from the initial operation, in order to obtain an accurate baseline of gastric electrical activity before any GES-induced neuromodulation could take place. EGG tracings from the most recent replacement operation were also obtained. These values were analyzed using a paired t test with each patient as his or her own control. The graphs were analyzed using a Gaussian GEE regression analysis.
Results
See Table 1 . After a mean of 3.9 years (46 months) of GES therapy, the mean unstimulated baseline frequency for gastroparesis patients before initial GES therapy was 5.06 cycles/min (SD± 1.39) and declined to 3.66 (SD ± 1.43) after replacement (p00.0000002). The mean amplitude was 0.33 mV (SD±0.39) before initial GES therapy and decreased to 0.31 (SD±0.34) afterward (p00.73). The frequency/amplitude ratio was 38.4 (SD±38.7) before initial GES therapy and decreased favorably to 21.9 (SD±18.7) afterward (p00.001). Both diabetic gastroparesis subjects and idiopathic gastroparesis subjects saw a significant decrease in frequency only, when analyzed separately (p0 0.002 and p00.00004, respectively). In a regression analysis, both the percent change in serosal EGG frequency (Fig. 1 ) and the absolute change in EGG frequency have decreased (Fig. 2) relative to the initial and replacement frequency increase as the initial frequency increased (R 2 00.19, 0.49, and 0.34, respectively). Our patient cases also showed improvement in serosal EGG amplitude after the long-term gastric stimulation (Figs. 3, 4 , and 5). Our preliminary analysis of gastroparesis symptoms change from time of primary GES placement to time of most recent GES replacement and serosal EGG change in frequency and amplitude has showed no correlation. 
Discussion
Previous studies have discussed the prokinetic abilities of GES therapy on gastric electrical physiology, namely in improvement of 4-h gastric emptying. 10 This is the first study that has demonstrated quantitative improvement in baseline frequency of gastric slow waves after chronic GES therapy, on the order of several years rather than several weeks or months. A number of possible mechanisms of how this neuromodulation is occurring have been discussed. One such mechanism concerns the interstitial cells of Cajal (ICC). In one study, with a cohort of 41 gastroparesis patients, 36 % had nearly no ICC, while the remainder had adequate amount of ICC. Relevant to our finding, the group without ICC also had significantly more tachygastria than the adequate ICC group, 32 vs. 11 %, respectively. This ICC depletion did not correlate with the severity of disease, but it did correlate with the likelihood of response to GES therapy. 33 Our tachygastric patients were far more likely to have a significant improvement in frequency, and the probable lack of ICC in our more tachygastric patients may account for the dramatic improvement.
Another such mechanism is gastric accommodation, a term which describes the reflexive postprandial expansion of the stomach. This is frequently impairment in gastoparetic patients and has been shown to improve following GES therapy. 15, [34] [35] [36] [37] However, this phenomenon is likely only an explanation for symptomatic reduction and probably does not describe the improvement in baseline gastric frequency.
Further causes of the observed effect of neuromodulation after initiation of GES therapy have been investigated, from the observations of: (1) increased activation of vagal afferent and efferent pathways; (2) increased radioactive counts via positron emission tomography in the thalamic and caudate nuclei 15 ; (3) activation of neurons in the tract of the solitary nucleus 38 ; (4) in rats, inhibited action potentials of neurons in the paraventricular hypothalamic nucleus 39 ; and (4) most recently, in rats, an increase in ghrelin activity, in the form of more ghrelin mRNA, higher quantities of ghrelin-positive cells, and increased plasma ghrelin levels. 40 Having mentioned all of these possible mechanisms, it is indeed possible that not only one but many of these explanations are evolving simultaneously, accounting for the documented change in gastric electrical physiology.
One weakness of our study is the omission of symptom data. This study did not target symptoms, which have been shown in all published studies to improve. The main observation supports the concept of remodeling. Remodeling, at least in the cardiac world, and perhaps in the gut, does not always correlate with clinical status. This, however, does not diminish its potential importance.
Conclusion
More and higher quality studies with control arms are needed for gastroenterological acceptance of this treatment. We know that GES therapy improves symptoms. We also know that GES improves gastric motility function, but we do not know how this happens. Further studies such as gastroparesis onset and neural changes at the cellular level may help us gain a further understanding of how GES can provide symptom relief and, in particular, how GES improves gastric motility function. More studies with placebo arms are especially needed, as one meta-analysis found that only one of 13 studies concerning GES therapy for gastroparesis contained controls. 10 
Discussant
Dr. John T. Mullen (Boston, MA): Dr. Williams and colleagues are to be congratulated on their many contributions to the study of GES for gastroparesis, including this investigation into a possible mechanism explaining how GES leads to improved gastric motility and symptom resolution-namely, quantitative improvement in the baseline frequency of gastric slow waves after chronic GES therapy. My major critique of this study is the failure to include symptom score data and thus the inability to correlate changes in symptom scores with EGG changes. I have four questions for the authors:
1. By my calculation, approximately 25 % of the patients had little or no improvement in gastric slow-wave frequency with long-term GES. Do you have any preliminary data as to whether these individuals were less likely to enjoy symptomatic benefit from GES?
2. The EGG tracings that you obtained were done so at a snapshot in time and one in which gastric motility is least likely to be physiologic-under general anesthesia at the time of laparotomy. Did you consider leaving the serosal leads in place for several days, or even weeks, to obtain more physiologic data, such as what the EGG tracings look like at the time of eating and at the time of severe symptoms to see if there are any correlations, much as we do with 24-h pH probe monitoring in reflux patients?
3. Did you obtain full-thickness gastric biopsies at the time of initial lead placement and replacement, and if so, do you have any preliminary data correlating normalization of gastric slow-wave frequency with histologic findings, such as the density of interstitial cells of Cajal?
4. Assuming that achieving normalization of the gastric slow-wave frequency is a goal in itself (because it correlates with symptom improvement), are there individuals whose gastric slow waves become "entrained" by long-term GES and thus may not need battery replacement and further GES?
Closing discussant
Dr. Patrick A. Williams:
1. We have not looked at this for all patients. Preliminary results have shown no correlation, but the data are incomplete.
2. No, we have not done this application, although others have suggested it as well. We have a current multicenter proposed to look at this.
3. We obtained full-thickness biopsies only at the initial placement operation but not at the replacement operation. We do not have any preliminary data on this but are curious to analyze the density of the ICC, as multiple studies have shown a correlation between tachygastria and decreased ICC counts. Furthermore, the degree if ICC depletion has also been shown to correlate with a poorer likelihood of response to GES therapy (Lin Z, Sarosiek I, Forster J, Damjanov I, Hou Q, McCallum RW. Association of the status of interstitial cells of Cajal and electrogastrogram parameters, gastric emptying and symptoms in patients with gastroparesis 32 ). 4. This is an interesting point. Clinically speaking, there have been some patients who will come for their follow-up appointment, in which adjustments to their pacemakers are made (voltage, impedance, current, etc.), and in some patients the device is found to be dead, yet the patient feels no worse. This implies that indeed the long-term GES therapy has "entrained" their stomach. Likewise, there have been patients who have called the clinic urgently requesting an appointment because they are certain their pacemaker battery has expired; they can often point to a specific day that the pacemaker ceased to function. Anecdotally speaking, some of these latter patients also tend to be those with diabetic gastroparesis.
